Abstract-In this paper, a new multiband fractal frequency selective surface (MF-FSS) is proposed. The work presents a new fractal design methodology for FSSs with Swastika fractal patch elements. The proposed MF-FSS includes periodic arrays of metallic patches, printed on a single layer substrate. The structure parametric analysis is carried out in terms of fractal iterations, geometry elements, and unit-cell size. The simple controllable feature of the proposed structure lets us tune the given parameters of FSS geometry to achieve adjustable bandstop filter. The fractal geometry allows us to design compact structures (CP = 54%) that behave like dual-polarized bandstop filters. The designed structure is validated by means of an excellent agreement between the simulation and measurement results. Also, results show the proposed structure presents the most desirable features like fractal compactness, multiband response, dual polarization, excellent angular stability, and controllability. This work presents a fundamental structure that can be applied into the more complex and sophisticated designs in future. Swastika geometry is utilized as the FSS unit-cell. The structure is not fractal. Not only is the structure multilayer also is single band.
I. INTRODUCTION
Since the last decades, Frequency Selective Surfaces (FSSs) have received remarkable attention due to their widespread applications as electromagnetic filters for microwave and optical signals, like: radomes, dichroic sub-reflectors, bandpass, and bandstop filters, absorbers and artificial electromagnetic band-gap materials [1] - [3] . Nowadays, selective spatial filters are employed to establish indoor wireless security and to optimize Wireless Local Area Network (WLAN) coverage. For instance, FSSs may be applied, into the walls and windows of a building to modify the physical indoor propagation environment, isolating or avoiding interference among WLAN radios [4] , [5] . Researchers have proposed different types of FSS configurations in the development of high performance spatial filters, such as: single-layer FSS with different elements in a periodic cell, [6] stacked or multilayered FSS structures, [7] , [8] periodic arrays on anisotropic substrates [9] .
Gomes, Mamedes et al in [10] , have proposed a new reconfigurable four-arms star Frequency Selective Surface by embedding PIN diode in appropriate way. Recently, some analytical methods have been proposed to achieve fast and accurate structures. In [11] , [12] , new analytical approaches are presented based on equivalent circuits frequency response of each layer, [13] , [14] . But, one of the most attractive and desirable features of FSS structures is operating band controllability. In this case, engineers are able to receive their desirable operating bands by changing some determined and specific elements of the FSS structure. Thus, no extra new experiment is required whenever a new band is needed. One way to achieve this feature can be the use fractal structures.
Fractal structures due to their enhancement features have been employed for many of the applications in microwave filters [15] , microstrip antennas [16] and frequency selective surfaces [17] . Swastika geometry is utilized as the FSS unit-cell. The structure is not fractal. Not only is the structure multilayer also is single band.
In this paper, a novel multi-band fractal frequency selective surface (MF-FSS) is proposed. The structure is composed of Swastika geometry unit-cells and the three first iterations of MF-FSS structure is investigated. It is shown that by increasing the order of fractal iterations new resonant frequencies appear. Also, controllability is the significant feature of this structure. By tuning some specific parameters of the proposed structure's elements, which are totally investigated in the experiment, widespread desired resonant frequencies are accessible, easily.
In addition, the angular stability of the frequency response with respect to polarization and incident angles is studied. The results show a perfect angular stability for this structure. At last, a prototype of the proposed MF-FSS is fabricated and measured. The simulation and measurement results agree with a good level of accuracy, which demonstrates the excellence in structure performance.
II. DESIGN PROCESS
In this section we start by introducing a new fractal geometry to be employed in FSS structure unit- Table I . According to Fig. 2 , by increasing the level of fractal iterations, the resonant frequencies are decreased and the number of them is increased. As expected, improved results are obtained for the higher level of iterations (third iteration). The third iteration presents a multi-band performance due to space-filling and self-similarity fractal properties. In addition, comparing the simulated results of first resonance for 1 st iteration (3.72 GHz) and 3 rd iteration (8.12 GHz), high frequency compactness factor (CF= 54%) obtained. Moreover, based on symmetrical shape of structure and results of Fig. 2 , the dual-polarization performance (TE, TM) is obtainable for this structure.
In the following, the effects of fundamental parameters of MF-FSS on structure performance is investigated. The significant parameter that has the most impact is unit-cell size. Obviously, the resonant frequencies reduce by increasing the size of unit-cell. In Fig. 3 , the effect of this parameter on the first iteration is shown. According to Fig. 6 , by increasing the value of K1 the resonant frequencies decrease. In this case we conceive that both K and K1 parameters have a significant effect on filter performance. But the critical point is that, according to Fig. 1 , there is a trade-off between the values of K and K1, when the unit-cell size is constant. Thus, we should find the optimized values for K and K1 to achieve the best results. For this purpose, the experiment is repeated for the case that K+K1 has a constant value. The results of optimization is shown in Fig. 7 . As Fig. 7 demonstrates, there is not much change in MF-FSS simulation results that indicates, the proposed structure has the same sensitivity in respect of both parameters. Due to the symmetrical configuration and space filling ability of the fractal, the proposed MF-FSS presents a good frequency stability for both TE and TM polarizations at different oblique angles. To verify the resonance stability of the FSS, simulation with different incident angles of the plane wave propagation on MF-FSS in last iteration is carried out. Fig. 8 shows the simulated results which confirm the great stability for different incident angles. 
IV. CONCLUSION
In this paper, we presented a novel fractal geometry to design fractal FSS structures. The electromagnetic scattering properties of MF-FSSs designed with Swastika fractal patch elements is carried out at different fractal iterations. The Swastika fractal geometry provides desired FSS features, such as adjustability of resonant frequencies and bandwidth; higher miniaturization; stable filter responses at the oblique incidence of wave propagation. Also, the symmetry of patch elements geometry leads to dual polarization property (for both TE and TM waves). Moreover, by tuning the geometry elements controllability feature for adjusting resonant frequencies and bandwidth is accessible. For the fabricated prototype, there is a good agreement between the theoretical and experimental results.
